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ABSTRACT 


Electronic  transition  moments  for  molecular  bands  which  radiate 

strongly  in  air  in  the  temperature  range  4000  to  9000°K  have  been  determined 

from  available  experimental  data  in  conjunction  with  recently  computed  Frank- 

Condon  factors.  An  analysis  has  also  been  made  of  the  radiation  in  the  infra- 

2 

red  leading  to  effective  Z  values  for  the  free-free  Kramers'  radiation  pro¬ 
duced  by  electrons  scattered  from  neutrals. 


ELECTRONIC  TRANSITION  MOMENTS  FOR  AIR  MOLECULES 


J.  C.  Keck,  R.  A.  Allen  and  R.  L.  Taylor 


I.  Introduction 

Over  the  past  five  years,  the  radiation  from  air,  and  O^  has  been 
the  subject  of  numerous  theoretical  and  experimental  studies,  an  important 
aim  of  which  has  been  to  determine  the  electronic  transition  moments  for 
the  molecular  bands  which  radiate  strongly  in  the  temperature  range  from 
4000  to  9000°K.  A  variety  of  experimental  techniques  including  emission 
and  absorption  studies  on  shock  heated  air,  room  temperature  absorption 
studies  in  pressurized  cells,  and  lifetime  measurements  have  been  employed. 
The  results  of  these  experiments  have  often  been  reported  in  terms  of  f-numbers 
for  the  radiating  bands.  Since  the  definition  of  the  f-number  for  a  molecular 
band  is  somewhat  ambiguous  and  different  workers  have  not  always  followed 
the  same  convention,  there  has  been  a  certain  amount  of  confusion.  In  addi¬ 
tion,  the  theoretical  reduction  of  the  data  involves  the  use  of  calculated  Frank- 
Condon  factors,  and  as  time  has  progressed,  new  and  improved  values  of  these 
factors  have  become  available  and  used  in  the  analysis.  This  too,  had  led  to 
confusion.  It  was  therefore  felt  that  a  comprehensive  review  and  uniform 
analysis  of  the  data  might  help  to  clarify  the  situation.  In  this  paper,  we 
have  attempted  to  conduct  such  a  review. 

In  Section  II,  we  have  summarized  the  theoretical  equations  used  in 
the  analysis  and  reviewed  the  available  calculations  of  Frank-Condon  factors. 

In  Section  III,  we  have  reviewed  the  experimental  data  relating  to  the  important 
molecular  bands  and  computed  electronic  transition  moments.  Section  IV  pre¬ 
sents  some  recent  results  on  the  Kramers'  radiation  from  electrons  scattered 
by  neutrals.  Section  V  discusses  emissivity  tables  for  air,  and  the  final  Sec¬ 
tion  contains  a  brief  summary  of  the  results. 


II.  General  Theory 

In  the  present  analysis,  we  shall  consider  only  the  equilibrium  radia¬ 
tion  from  gases  which  are  optically  thin  at  all  wavelengths.  Under  this  condi¬ 
tion,  the  spectral  intensity  of  the  radiation  per  unit  volume  is 
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is  the  apparent  absorption  coefficient,  is  the  true  absorption  coefficient 
and  v  is  the  frequency  in  wave  numbers. 

For  an  isolated  spectral  line,  the  true  absorption  coefficient  is  re¬ 
lated  to  the  electronic  f-number,  f„,  for  the  transition  by  the  equation^ 
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where  r  =  e  /me  is  the  classical  electron  radius  and  H •  is  the  number 
o  '  J 

of  particles  in  the  absorbing  state. 

For  transition  between  specified  vibrational  levels,  v'v",  belonging 
to  different  electronic  states  of  a  molecule,  Eq.  (4)  may  be  summed  over  the 
rotational  spectrum  to  obtain  the  integrated  band  absorption  coefficient. 
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where  f^,  ,,  is  related  to  the  electronic  dipole  matrix  element  for  the  transi¬ 
tion, 
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by  the  equation 
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where  R  is  the  Rydberg  and  a  is  the  radius  of  the  first  Bohr  orbit. 
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It  has  been  shown  by  Fraser'  '  that  under  a  variety  of  practical  condi  - 
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R  ,  ,,  I  may  be  approximately  expressed 
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is  the  r-centroid  and 
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is  the  Frank-Condon  factor  for  which  the  sum  rule 
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applies.  In  Eqs.  (9)  and  (10)  $  and  <t>  are  the  vibrational  wave  functions 
for  the  levels  involved  in  the  transition.  Combining  Eqs.  (5),  (7)  and  (8),  we 
obtain 
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Thus,  if  values  of  q^,^,  can  be  calculated,  measurements  of  the  integrated 
band  absorption  coefficient  can  be  used  to  calculate  R  (r). 

A  second  method  of  determining  R  (r)  is  to  sum  Eq.  (12)  over  all  value 
of  v'  including  those  in  the  continuum.  This  leads  to  the  equation 
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Equation  (13)  may  be  used  to  determine  R  (r)  from  measurements  of  the  total 
integrated  absorption  coefficient  for  a  given  v"  level.  This  method  has  the 
advantage  over  the  preceding  one  that  it  does  not  depend  in  a  sensitive  way 
on  the  precise  determination  of  the  q^,^,  values  which  enter  only  in  the 
definition  of  v  .  It  has  the  disadvantage  that  it  cannot  be  applied  in  cases 
where  R  (r)  changes  appreciably  in  the  interval  over  which  the  absorption 
is  important. 

For  cases  where  the  absorption  associated  with  a  given  electronic 
transition  is  due  to  many  overlapping  bands  as  it  is  at  high  temperatures, 
a  third  method  may  be  used  to  determine  R  (r).  This  involves  summing 
Eq.  (1)  over  all  lines  falling  in  a  small  frequency  interval  A  ~  and  dividing 

by  A  v  to  obtain  the  "average"  absorption  coefficient  p . 

(3  4) 
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is  a  dimensionless  factor  giving  the  details  of  the  vibrational  spectrum.  In 
Eqs .  (15)  and  ( 1  6 ) ,  N  is  the  concentration  of  absorbing  molecules,  Q"v  and 
Q"  are  the  vibrational  and  rotational  partition  functions  for  the  absorbing 
molecules,  B^  and  B^  are  the  rotation  constants  for  upper  and  lower  elec¬ 
tronic  states  and  e'  and  e'r  are  vibrational  and  rotational  energies  of  the 
upper  state.  In  deriving  Eq.  (15),  the  assumption  has  been  made  that  the 
detailed  rotational  structure  may  be  described  by  the  expression  appropriate 
for  a  Q  branch.  It,  therefore,  does  not  give  correctly  the  details  of  the 
spectrum  within  an  interval  A  v~B  /AB  of  the  band  head,  but  is  a  reason¬ 
able  approximation  elsewhere.  Equations  (15)  and  (16)  are  the  basic  equations 
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determining  the  emissivity  of  air  and  may  be  used  to  determine  the 
value  of  R  (r)  as  a  function  of  v1  in  much  the  same  manner  that  Nicholls 
has  determined  R  (r)  as  a  function  of  r  from  integrated  band  intensity  mea¬ 
surements.  It  may  be  noted  that  to  the  extent  that  r  is  only  a  function  ~  , 
the  methods  are  completely  equivalent. 

The  final  method  of  determining  R  (r)  is  to  use  the  Einstein  relation 
between  the  spontaneous  and  induced  emission  coefficients.  This  leads  to 
an  expression  for  the  lifetime  T  of  an  excited  electronic  level  which  may  be 
conveniently  written 
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are  the  electronic  degeneracies  of  the  upper  and  lower  states 
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In  deriving  Eq.  (17),  the  assumption  has  again  been  made  that  R  (r) 
is  independent  of  r".  Equation  (17)  may  be  used  to  determine  R  ( r )  from 
measurements  of  life  times  of  excited  molecular  states.  The  inherent  pre¬ 
cision  of  this  method  of  determining  R  (r)  is  probably  greater  than  that  of 
any  of  the  other  methods  discussed  provided  that  the  possibility  of  the  ex¬ 
cited  state  under  study  being  populated  by  cascading  from  above  is  eliminated. 


Kramers'  Radiation  from  Neutrals 


The  only  important  free  bound  radiation  which  must  be  considered  in 
the  temperature  range  from  4000-9000°K  is  that  associated  with  capture  of 
electrons  by  O  atoms.  This  radiation  may  be  calculated  most  simply  from 
the  measurements  of  the  photodetachment  cross-section  reported  by  Branscomb 
and  Smith^’  ^  using  the  simple  formula 
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There  are  two  types  of  electronic,  scattering  processes  responsible 

for  radiation  from  ionized  gases  -  scattering  from  ions  (coulombic  fields) 

and  scattering  from  neutrals.  Calculations  indicate  that  the  latter  process 

dominates  in  air  and  nitrogen  up  to  temperatures  around  10,  000°K,  and 

hence  coulombic  scattering  will  be  omitted  from  the  present  study.  A  simple 

treatment  of  the  free-free  radiation  associated  with  scattering  of  electrons 

by  neutrals  has  not  yet  been  given.  We  shall,  therefore,  assume  that  this 

component  of  radiation  may  be  approximately  described  by  the  classic 

(7) 

Kramers'  formula 
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with  the  effective  Z  being  determined  from  experiment.  [  N]  is  the  concen¬ 
tration  of  neutrals  doing  the  scattering.  If  there  is  more  than  one  neutral 

species  effective  in  scattering,  then  each  species  contributes  a  term  like 

2 

Eq.  (20)  with  its  own  effective  Z  to  the  total  radiation. 

Frank-Condon  Factors 


The  reduction  of  the  experimental  results  to  electronic  transition 
moments  requires  a  knowledge  of  the  Frank-Condon  factors  q v.-,vi i  and 
r-centroids,  r.  A  summary  of  the  various  calculations  which  have  been 
made  of  these  quantities  for  air  bands  is  given  in  Table  1.  The  most  ex¬ 
tensive  work  has  been  that  carried  out  by  Nicholls,  Fraser,  Jarmain  and 
co-workers  who  have  used  Morse  wave  functions  in  computing  the  integrals 

in  Eqs.  (9)  and  (10).  In  addition  q  ,  ,,  values  for  NO  ((3)  and  NO  (y)  bands 

V  V  (9) 

have  been  computed  by  Kivel,  Mayer,  and  Bethe  (KMB)  using  modified 
harmonic  oscillator  wave  functions  and  by  Flinn,  Spindler,  Fifer  and  Kelly 


(FSFK) 


(14) 


using  wave  functions  for  potential  curves  determined  from  spec¬ 


troscopic  data  by  the  Rydberg -Klein-Rees  method.  Finally,  Childs 


(19) 


has 


devised  a  recursion  method  for  calculating  q  ,v,,  values  for  Morse  wave 
functions  which  is  very  efficient  but  requires  high  numerical  accuracy. 

An  interesting  comparison  which  exhibits  the  sensitivity  of  these 
calculations  to  the  exact  form  of  the  potential  used  is  shown  in  Fig.  1  for 
the  NO  (|3)  bands  which  are  important  in  absorption  at  room  temperature. 
These  bands,  which  lie  well  outside  the  Condon  parabola,  have  q  ,  ,,  values 
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TABLE  I 


Summary  of  calculations  of  Frank-Condon  factors ,  q  ,vlt,  and 

r-centroids.  r  .  for  air  bands.  Numbers  refer  to  references.  The 
v-'  v 

*  denotes  the  reference  used  in  the  present  analysis. 


Band 

rv'v" 

9viv" 

o2(sr) 

(8)* 

(10)  (11)  (12)*  (19) 

NO(P  ) 

(9)*  (16)* 

(9)  (11)  (13)*  (14)  (19) 

NO(y  ) 

(8)* 

(9)  (13)*  (14)  (15)  (19) 

N2  (1+) 

(8)* 

(15)  (17)  (18)*  (19) 

N2  (2+) 

(8)* 

(15)  (17)  (18)*  (19) 

N2  ( 1 ") 

(8)* 

(10)  (15)  (18)*  (19) 
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which  are  relatively  small,  and  it  can  be  seen  that  the  various  calculations 
differ  from  one  another  by  factors  of  two.  We  are  thus  led  to  conclude  that 
one  cannot  rely  too  heavily  on  calculations  involving  q  ,  ,,  values  which  are 
very  small.  This  will  be  of  particular  importance  in  the  interpretation  of 
room  temperature  absorption  measurements  of  the  O 2  (Schumann-Runge) 
and  NO  (p)  bands. 

III.  Electronic  Transition  Moments 

The  emission  and  absorption  spectrum  of  air  in  the  temperature  range 
from  4000-9000°K  is  determined  primarily  by  radiation  from  the  six  molecular 
bands:  02(SR),  NO(p),  NO  (y),  N2(l+),  N2(2+)  and  N2+(  1  -).  There  is  also  a 
significant  contribution  due  to  Kramers'  radiation  from  electrons  scattered 
and  captured  by  O,  N  and  N2> 

We  have  reviewed  the  available  experimental  data  relating  to  these 

systems  and  used  it  in  conjunction  with  the  equations  given  in  Section  II  and 

the  Frank-Condon  factors  given  in  Refs.  (12),  (13)  and  (18)  to  determine 
2  2 

appropriate  (R/ea  )  and  effective  Z  values.  The  results  for  the  molecular 

o  2 

bands  are  presented  in  Figs.  2  through  7  which  show  (R/eao)  values  plotted 
as  a  function  of  the  r-centroid,  r,  obtained  from  Refs.  (8),  (9)  and  (16).  Al¬ 
so  shown  in  the  upper  part  of  the  figures  is  a  curve  of  wavelength,  X,  (left 
scale)  and  wavelength,  v  ,  (right  scale)  as  a  function  of  r.  The  number  pairs 
along  the  curve  refer  to  v'v"  transitions  and  the  wavelengths  and 

are  those  defined  in  Eqs.  (14)  and  (18).  The  results  for  the  free-free  Kramers' 

2 

radiation  are  given  in  Fig.  9  which  presents  the  effective  Z  values  along  with 
a  comparison  of  theory  and  experimental  data. 

C>2  Schumann-Runge  Bands 

The  integrated  absorption  coefficient  for  the  C>2  Schumann-Runge 

continuum  has  been  measured  at  room  temperature  by  Landenburg  and 

van  Voorhis  (LV)p^  Ditchburn  and  Heddle  (DH)^^  and  Watanabe,  Inn 
(22)  2 

and  Zelikoff  (WIZ).  (R/eaQ)  values  obtained  from  their  data  using 

Eq.  (13)  are  shown  in  Fig.  2.  To  arrive  at  the  values  given  we  have  added 

to  their  continuum,  f-numbers  the  band  absorption  sum  of  .  00031  obtained 

by  Bethke  and  subtracted  a  contribution  of  .  01  estimated  by  Wilkinson  and 
(23)  3  -  3 

Mulliken'  '  for  the  underlying  X  2  -*•  it  continuum.  These  corrections 

y  b  g  u 
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amount  to  less  than  10  percent  and  the  agreement  between  the  different  de¬ 
terminations  is  good. 

The  integrated  band  absorption  coefficients  of  (SR)  have  been 

measured  at  room  temperature  for  a  number  of  bands  connecting  with  the 

(24) 

ground  vibrational  level  by  Bethke  (B)'  7  using  photometric  techniques  and 

(25) 

by  Ditchburn  and  Heddle  (DH)  7  using  photographic  techniques.  Values  of 
2 

(R/eaQ)  deduced  from  Bethke's  measurements  using  Eq.  (12)  are  shown 

in  Fig.  2.  The  corresponding  f-values  are  a  factor  of  two  lower 

( 12) 

than  those  given  by  Bethke  due  to  the  fact  that  the  q  ,  ,,  used'  7 
,  (11)  vv 
are  a  factor  of  two  higher  than  the  values  used  by  Bethke.  It 

may  be  noted  that  the  q  ,  ,,  factors  involved  in  the  transitions  measured 

v  v  -7  -5 

by  Bethke  are  of  the  order  of  10  to  10  and  are  extremely  sensitive  to 
the  shape  of  the  repulsive  part  of  the  potential.  The  marked  variation  of 
(R/eaQ)  with  r  is  undoubtedly  associated  with  the  fact  that  the  Morse  curve 
is  not  a  good  approximation  to  this  part  of  the  potential  and  leaves  some 
doubt  as  to  the  reliability  of  the  values  determined  from  Bethke's  measure- 

2 

ments.  The  measurements  of  Ditchburn  and  Heddle  lead  to  values  of  (R/eaQ) 

approximately  100  times  Bethke's  and  it  has  been  acknowledged  by  Heddle 

that  they  are  probably  in  error.  7 

Measurements  similar  to  Bethke's  for  a  number  of  bands  important 

in  emission  have  been  made  at  high  temperature  (3000°K)  in  a  shock  tube 

(27)  2 

by  Treanor  and  Wurster  (TW)'  7  and  values  of  (R/eaQ)  deduced  from  their 

data  are  also  shown  in  Fig.  2.  Their  measurements,  although  inherently 
less  precise  than  those  of  Bethke  due  to  the  difficulty  of  determining  condi¬ 
tions  in  a  shock  tube  with  precision,  have  the  important  advantage  that  the 
associated  q  ,  tl  are  of  the  order  of  10  ^  and  thus  cannot  be  appreciably 
in  error. 

Finally,  measurements  of  the  emissivity  of  at  high  temperatures 
(4000  K)  have  been  made  in  shock  tubes  by  Keck,  Camm,  Kivel  and  Wentink 
(KCKW)^^  in  the  wavelength  region  3300  to  4700  K .  The  average  (R/eaQ)2 
value  deduced  using  Eq.  (15)  from  these  measurements  is  in  excellent  agree¬ 
ment  with  Treanor  and  Wurster 's  values. 

2 

The  general  trend  of  the  data  suggests  that  (R/eaQ)  decreases  with 
increasing  r  which  is  reasonable  since  the  transition  involved  is  forbidden 
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for  the  separated  atoms.  A  good  fit  to  the  data  is  given  by  the  expression 
R  2 

(— — )  =  0.47  exp  [  -  1.  43  (r  -  1 . 60)  ]  :  1 .  2  <  r  <  1 .  9  A  (21) 

e  a 

o 

which  produces  the  dashed  curve  in  Fig.  2.  In  making  this  fit  we  have  not 
weighed  Bethke's  data  heavily  because  of  the  relatively  large  uncertainty 
which  it  is  felt  exists  in  the  corresponding  q  ,  M  values.  Because  of  this, 
however,  one  cannot  expect  to  reconstruct  the  absorption  coefficient  for 
these  bands  from  Eq.  (15).  This  is  of  little  consequence  for  emission 
studies  because  these  bands  radiate  so  weakly,  but  it  could  be  important 
in  absorption  studies. 

NO  (y)  Bands 

Absolute  measurements  of  the  integrated  band  absorption  coefficient 
for  the  most  important  NO  (y)  bands  have  been  made  at  room  temperature 
by  Weber  and  Penner  (WP)^^  and  by  Bethke  (B)^2^  and  at  high  temperatures 
(2000°K)  in  a  shock  tube  by  Daiber  and  Williams  (DW).  The  (R/ea^)2 

values  deduced  from  their  data  using  Eq.  (12)  are  shown  in  Fig.  3.  The 
agreement  between  various  workers  is  excellent  and  the  dara  are  well 
described  by  the  expression 

R  2  _  _ 

(  — - — )  =  .  022  exp  [  -3.  5  (r  -  1.  07)  ]  :  1 .  04  <  r  <  1 . 20  R  (22) 

€3. 

O 

which  produces  the  dashed  curve  in  Fig.  3.  2 

The  solid  curve  in  the  figure  is  proportional  to  (1-.  899  r  )  which 

represents  the  variation  in  (R/ eaQ)  found  for  the  interval  1.  01  <  r  <  1. 06  A 

by  Robinson  and  Nicholls  (RN)^^  from  relative  intensity  measurements. 

The  curve  has  been  arbitrarily  normalized  to  the  data  of  DW.  In  this  case, 

as  in  the  case  of  Bethke's  data,  it  is  felt  that  the  steep  variation  is  due 

to  the  failure  of  the  Morse  curve  to  represent  the  repulsive  part  of  the 

2 

potential  and  does  not  reflect  the  true  variation  of  (R/ea  )  . 

2  o 

A  value  of  (R/ea  )  deduced  from  emissivity  measurements  for  shock- 
heated  air  at  8000°K  by  KCKW^  using  Eq.  (15)  is  also  shown  in  Fig.  3.  Under 
the  conditions  of  measurements  the  NO  (y)  bands  accounted  for  less  than  a  third 


-10- 


of  the  total  emission  from  air  and  the  reliability  of  this  measurement  is 
therefore  very  low.  It  has  been  given  no  weight  in  fitting  the  curve  of 
Eq.  (22)  to  the  data. 

NO  (p)  Bands 

The  integrated  absorption  coefficients  for  several  bands  of  the  NO  ((3) 

(29) 

system  have  been  measured  by  Bethke  (B)'  '  at  room  temperature,  and 

2 

the  (R/eao)  values  deduced  from  Eq.  (12)  are  given  in  Fig.  4.  It  should  be 
noted  that  there  is  considerable  uncertainty  in  these  values  due  to  the  fact 
that  the  corresponding  q  ,  ,,  values  shown  in  Fig.  1  for  various  potential 
curves  differ  by  factors  of  two.  In  the  present  analysis  we  have  used  the 

(13) 

values  computed  by  Nicholls  for  a  Morse  curve.  Had  we  used  those 
(14) 

of  FSFK,  which  in  principle  should  be  better,  Bethke's  points  would 
be  raised  by  a  factor  of  two. 

2 

Fortunately,  a  reasonably  good  value  for  (R/ea^)  for  the  NO  ((3) 

bands  in  emission  may  be  obtained  from  the  shock  tube  measurements  of 
(3) 

KCKW.  The  NO  (|3)  bands  are  responsible  for  almost  all  of  the  radiation 
from  air  in  the  quartz  ultraviolet  and,  although  no  identifiable  structure 
can  be  seen,  excellent  agreement  with  the  theoretical  temperature  and 
density  dependence  of  this  band  system  was  obtained  over  a  wide  range 
of  conditions  for  both  incident  and  reflected  shocks.  The  analysis  was 
carried  out  using  Eq.  (15). 

The  best  indication  of  the  variation  of  (R/ea  )  with  r  is  given  in 
this  case  by  the  relative  intensity  measurement  of  (RN)  '  who  fit  an  equa¬ 
tion  of  the  form  R=  const  (1.  607  r  -  1)  to  their  data  in  the  range  1. 33  <  r  < 

1.  50  &  .  Normalizing  their  equation  to  fit  the  shock  tube  results  we  obtain 

2 

(— — — )  =  0.  10  (7  -  .  62)2  :  1.  33  <7  <  1 .  54  £  (23) 

6  cl 

O 

which  produces  the  solid  curve  in  Fig.  4. 

N2+  (1-)  Bands 

The  radiative  life-time  for  several  N~"*"  (1-)  bands  have  been  measured 
(31)  ^  2 

by  Bennett  and  Dalby  (BD)  and  the  corresponding  (R/eaQ)  value  computed 
from  Eq.  (12)  is  shown  in  Fig.  5.  Except  for  the  possibility  that  the  upper 
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state  is  being  populated  by  cascading  from  higher  states,  which  would  increase 
the  apparent  life-time,  this  measurement  should  be  very  good. 

Measurements  of  the  emitted  radiation  from  this  system  have  also  been 

(32) 

made  for  shock-heated  N~  by  Allen,  Camm  and  Keck  (ACK)  and  for  air  by 
(KCKW)  ]  from  which  values  of  (R/eaQ)  have  been  determined  using  Eq.  (15). 

As  can  be  seen  in  Fig.  5,  these  values  lie  somewhat  above  BD's  value,  but  the 
precision  of  the  measurements  is  relatively  low,  due  to  the  extremely  strong 
temperature  dependence  of  the  radiation  from  this  system.  The  fractional 
error  in  (R/eaQ)  is  roughly  30  times  the  fractional  error  in  the  temperature. 
This  is  particularly  serious  in  the  case  of  the  measurements  by  KCKW  which 
were  made  behind  strongly  accelerating  reflected  shock  waves.  Due  to  the 
complicated  flow  behind  reflected  shocks  associated  with  the  boundary  layer- 
shock  wave  interaction,  it  has  not  been  possible  to  estimate  the  magnitude  of 
the  effect.  However,  it  almost  certainly  results  in  a  temperature  higher  than 
that  calculated  by  KCKW,  and  thus  their  measurements  must  for  the  present 
be  regarded  as  giving  an  upper  bound  to  (R/eaQ).  There  has  been  some  con¬ 
cern  that  CN  may  be  contributing  to  the  radiation  observed  in  the  experiments 
of  KCKW,  but  this  possibility  can  be  ruled  out  on  the  basis  of  the  strong  tem¬ 
perature  dependence  of  the  observed  radiation.  Under  the  conditions  of  meas¬ 
urement,  one  can  expect  that  any  CN  is  in  equilibrium  with  CO  and  the  CO  will 
tie-up  most  of  the  carbon.  The  intensity  of  the  CN  radiation  is  thus  proportional 
to  exp  {-  (Dcq  -  Dcn  +  he  voo)/kT|  ~  exp  j-60,  000/T  |  which  is  to  be  compared 
to  exp  | - 200,  000/T|  for  the  observed  radiation. 

Finally,  relative  intensity  measurements  of  the  integrated  intensities  of 

+  (33) 

a  number  of  N~  (1-)  bands  have  been  made  by  Wallace  and  Nicholls  (WN)  ' 

^  —  2  — 
who  fit  their  data  with  an  equation  of  the  form  R  =  const  (.  697  r  -  1.  62  r  +  1) 

for  .  974  <  7  <  1.  265  R.  It  is  to  be  noted  that  there  is  apparently  an  error  in 

the  sign  of  the  last  term  in  Eq.  (6)  of  WN's  paper  and  that  the  equation  given 

here  is  the  one  which  fits  the  data. 

Using  the  corrected  equation  and  normalizing  to  fit  the  data  of  BD  and 
ACK,  we  obtain  the  expression 

2 

(  —5—  )  =  0.  45  [  1  +  12.  3  (7  -  1.  16)2  ]  2  :  .  97  <  7  <  1.  26  R  (24) 

63. 
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which  produces  the  solid  curve  in  Fig.  5.  In  weighing  the  measurements  of 
BD,  we  have  made  a  small  allowance  for  the  possibility  of  systematic  error 
due  to  cascading. 

N.,  (2+)  Bands 

Measurements  of  the  radiative  life-time  of  two  N_  (2+)  bands  have 

(31)  2  * 

been  made  by  BD'  and  the  corresponding  (R/eaQ)  value  is  shown  in  Fig.  6. 

For  this  band  system,  BD  reported  definite  evidence  of  cascading,  and  the 

measurement  is  not  as  precise  as  that  for  the  (1-)  system. 

The  intensity  of  the  radiation  from  this  band  system  may  be  deduced 

(3) 

from  the  measurements  of  KCKW  in  shock-heated  air  in  the  wavelength 
region  2900  to  3400  R  .  The  corresponding  value  of  (R/eaQ)  shown  in  Fig.  6 
was  computed  from  Eq.  (15).  As  in  the  case  of  the  N^"*"  (1-),  the  main  source 
of  error  in  the  shock  tube  measurements  is  the  determination  of  the  tempera¬ 
ture  behind  the  accelerating  reflected  waves  employed,  and  for  this  reason 
2 

the  value  of  (R/ea  )  is  more  likely  to  be  high  than  low.  Since  BD's  value 
2  o 

of  (R/eaQ)  is  more  likely  to  be  low  than  high,  there  is  a  good  chance  that 

the  true  value  lies  between  these  two  determinations. 

Relative  integrated  intensity  measurements  for  a  number  of  bands  of 

(33) 

the  N7  (2+)  system  have  been  made  by  WN  1  who  fit  their  data  with  an  equa- 

L  _  2  —  — 
tion  of  the  form  R  =  const  (1.  102  r  -  2.  32  r  +  1)  in  the  interval  1.  02  <  r  < 

1.35  R  .  Normalizing  this  equation  to  fit  the  data  of  BD  and  KCKW,  we 

obtain  the  expression 

2 

(  — —  )  =  0.  7  [  1  -  4.  9  (7  -  1.  06)2].2  :  1.  02  <  7  <  1.  35  R  (25) 

6  3. 

O 

which  produces  the  solid  curve  in  Fig.  6 
N2  (1+)  Bands 

The  only  available  data  on  which  we  may  base  an  estimate  of  the  absolute 
2 

value  of  (R/eaQ)  for  N2(l+)  band  system  come  from  measurements  of  the 
emitted  radiation  from  shock-heated  N2  and  air  in  the  wavelength  range  .  55  < 

A<  1.4(i. 

Measurements  of  the  radiation  from  shock-heated  N_  have  been  made  by 

(34)  L  (32) 

Wurster  (W)v  using  reflec'ed  shock  waves  and  by  Allen  and  ACK'  using 


-13- 


incident  shock  waves.  The  (R/eaQ  )  values  computed  from  their  data  using 

Eq.  (15)  are  shown  in  Fig.  7.  Each  of  the  points  represents  the  mean  of 

several  measurements  at  a  given  wavelength  and  the  scatter  shown  is  roughly 

indicative  of  the  scatter  in  the  original  data.  In  our  analysis  of  Wurster's 

data,  we  have  eliminated  all  those  points  where  there  was  any  possibility 

m 

of  serious  interference  from  the  CN  (red)  system. 

Relative  intensity  measurements  have  been  made  for  this  band  system 

(35) 

by  Turner  and  Nicholls  (TN)  who  fit  their  data  with  an  equation  of  the  form 
R  =  const  exp  (-3.  02  r  )  over  the  interval  1 .  17  <  r  <1.59.$.  This  expression, 
normalized  to  give  the  best  fit  to  all  of  the  data,  gives  the  equation, 

R  2 

(  -  )  =  0.  21  exp  [  -6.  04  (r  -  1.  23)  ]  :  1.  17  <  r"  <  1.  59  &  (26) 

ao  N2 

which  produces  the  solid  line  in  Fig.  7.  Although  Wurster  claims  in  his  paper 
that  no  significant  variation  of  R  with  r  was  observed,  it  appears  from  our 
analysis  that  there  is  in  fact  a  variation  of  R  in  both  Wurster's  and  ACK's 
data  which  is  compatible  with  that  found  by  TN  for  a  much  wider  range  of  r. 

If  we  assume  the  variation  given  by  TN  is  correct,  then  Wurster's  data  are 
found  to  be  a  factor  of  two  lower  than  that  of  ACK  and  Allen.  This  discrepancy 
is  equivalent  to  a  300°K  difference  in  temperature,  and  a  possible  source  of 
error  could  lie  in  the  methods  used  to  calculate  the  temperature  behind  the 
shock  waves.  However,  we  have  cross-checked  our  calculations  with  those 
used  by  Wurster  and  find  virtually  perfect  agreement.  The  only  remaining 
possibility  which  seems  reasonable  is  that  the  effect  is  in  some  way  associated 
with  the  fact  that  Wurster  used  reflected  shocks  produced  by  pressure  driven 
incident  shocks,  while  ACK  and  Allen  used  combustion  driven  incident  shocks. 

A  much  more  important  effect  than  the  relatively  small  discrepancy 
just  discussed  is  the  dramatic  increase  in  the  radiation  in  the  region  of  the 
N?  (1+)  bands  which  has  been  observed  for  reflected  shock  waves  in  air  by 
Wurster,  Treanor  and  Thompson  (WTT):  '  The  situation  is  shown  in  Fig.  8, 
where  we  have  plotted  WTT's  data  for  6300°K  in  air  long  with  the  related  data 
of  Wentink,  Planet,  Hammerling  and  Kivel  (WPHK)P^  and  KCKW^^  for  8000°K 
air,  and  Wurster  (W),  Allen  (A)  and  ACK  for  pure  N^.  The  data  have  all  been 
normalized  to  the  same  temperature  and  partial  nitrogen  density  on  the  assump¬ 
tion  that  the  only  radiation  in  this  region  of  the  spectrum  is  due  to  N2(l+)  bands 
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and  Kramers'  radiation  from  neutrals  (discussed  below).  The  multiplication 
factors  involved  in  each  case  are  given  in  the  figure  following  the  author 
identification.  In  general,  the  agreement  between  various  workers  is  fairly 
good  in  the  limited  regions  of  overlap,  particularly  for  the  air  data.  In  the 
wavelength  region  from  .  5  to  .  85/J.  the  air  radiation  can  be  reasonably  accounted 
for  as  a  supposition  of  ^  (1+)  bands  and  free-bound  radiation  from  capture  of 
electrons  by  O  atoms. 

In  the  wavelength  region  beyond  the  edge  at  .  86/i,  however,  the 
air  radiation  is  an  order  of  magnitude  larger  than  that  expected  for  the  N^IT) 
bands  on  the  basis  of  Wurster's  measurements.  This  has  led  WTT  to  suggest 
the  possibility  that  the  additional  radiation  is  due  to  some  as  yet  unidentified 
bands  of  NO.  The  remarkable  thing  about  this  additional  radiation  is  that  it 
exhibits  practically  the  same  gross  structure  as  the  radiation  from  pure 
which  Wurster  reasonably  attributes  to  an  overlapping  of  N^QT)  and  CN  (red) 
bands.  There  is  certainly  a  difference  in  the  overall  trend  with  wavelength 
and,  in  a  private  communication,  Treanor  has  pointed  to  a  number  of  differ¬ 
ences  in  structural  detail,  but  the  fact  remains  that  the  major  features  of  the 
spectrum  are  all  reproduced  in  the  air  spectrum  to  a  degree  which  becomes 
even  more  impressive  if  one  notes  that  the  CN  contributions  in  air  shocks  should 
be  somewhat  suppressed  due  to  the  formation  of  CO. 

In  addition  to  the  spectral  measurement  reproduced  in  Fig.  8,  WTT  have 
measured  the  temperature  dependence  of  the  air  radiation  at  wavelengths  of 
1. 04  and  1.  219  microns  over  the  range  5500  to  6700°K.  While  they  have  inter¬ 
preted  their  results  to  give  activation  energies  for  the  upper  states  of  the  pro¬ 
posed  NO  bands,  one  can  equally  well  interpret  the  data  as  due  to  N^(l+)  bands 
overlapped  by  a  small  component  of  Kramers'  radiation  from  neutrals. 

The  most  convincing  evidence  put  forward  by  WTT  in  support  of  the  NO 
band  hypothesis  is  a  plot  of  the  radiation  as  a  function  of  NO  concentration  ob¬ 
tained  by  varying  the  N^  to  O^  ratio  of  the  shocked  gas.  Unfortunately, 
these  measurements  were  made  at  a  somewhat  lower  temperature  (5000°K) 
than  the  other  measurements  in  a  region  where  the  free-free  Kramers'  radia¬ 
tion  from  neutrals  and  NO^  radiation  become  relatively  more  important. 

Since  the  radiation  from  both  these  sources  will  be  correlated  with  the  NO 
concentration,  this  could  also  explain  the  observations. 
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In  the  light  of  the  above  considerations,  the  evidence  for  the  NO  band 
hypothesis  is  not  completely  convincing.  Unfortunately,  we  have  no  alterna¬ 
tive  to  offer  except  to  suggest  the  possibility  of  quenching  of  the  N^  (1+)  bands 
in  the  N£  shocks  by  some  unknown  mechanism,  possibly  CN.  In  any  case,  we 
feel  that  this  is  a  matter  requiring  further  study. 

In  the  interim,  we  suggest  that  for  practical  purposes,  the  radiation 
from  air  in  the  near  infrared  can  be  best  described  by  assuming  an  "effective" 

p  2 

(  ~~  )  =  0.  8  exp  [  -6.  04  (  r  -  1.  23)  ]  :  1.  17  <  r  <  1.  59  ^  (27) 

°  Air 

for  the  N^l+J  bands  radiating  in  shock-heated  air. 

IV.  Kramers'  Radiation 

No  direct  measurement  of  the  free-bound  Kramers'  radiation  from 

electrons  captured  by  O-atoms  has  yet  been  made.  The  procedure  which 

has  been  universally  adopted  for  calculating  this  radiation  is  to  use  the  photo- 

(5) 

detachment  cross-sections  for  O  measured  by  Branscomb  and  Smith'  in 

conjunction  with  Eq.  (19).  Techniques  for-  extrapolating  the  measured  cross- 

sections  to  higher  energies  differ  somewhat,  but  we  are  inclined  to  favor  the 

(38) 

procedure  used  by  Kivel  based  on  work  by  Klein  and  Bruckner'  '  and  pre¬ 
sented  in  Fig.  22  of  KCKW.  (3) 

Studies  of  the  free-free  Kramers'  radiation  from  shock-heated  air 

at  8000°K  have  been  made  by  WPHK^^  and  from  shock-heated  air  and  N^ 

from  6000-9000°K  by  Taylor.  Taylor  has  recently  analyzed  Ms  data 

2 

on  the  temperature  dependence  of  the  radiation  to  obtain  effective  Z  values 
for  O,  N  and  N^.  The  technique  involves  using  the  equation 

ZN2  [N]  +  ZN22  N  +  ZQ2  [°] 

where  k  (v ,  T)  includes  the  wavelength  and  temperature  dependent  factors 
of  Eq.  (20)  to  make  a  simultaneous  least  squares  fit  of  the  intensity  measure¬ 
ments  for  shock-heated  N^  and  air  from  6000-9000°K  in  the  wavelength  region 
2.  35  M  3.  88  microns. 

Over  this  temperature  range,  there  is  appreciable  change  in  the  relative 
concentrations  of  the  various  atomic  and  molecular  species  which  allows  a 


- -  =  k  (v  ,  T)  [e] 

dVd!)  d  v 
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2 

determination  of  the  effective  Z  for  each  species.  Note  that  for  air  under 
these  conditions,  the  contribution  to  the  radiation  from  scattering  of  electrons 
by  NO  and  can  be  neglected  because  of  the  small  concentration  of  these 
molecules. 

The  results  are  given  in  Fig.  9,  which  shows  a  comparison  of  the  ex¬ 
perimental  data  for  pure  N^  with  the  fitted  curve.  A  complete  report  on  this 
work  will  be  published  shortly  by  Taylor. 

It  should  be  noted  that  this  work  changes  considerably  the  interpreta- 

(37) 

tion  of  the  free -free  continuum  from  air  which  has  been  made  in  the  past. 

This  radiation  which  was  previously  associated  almost  entirely  with  scatter¬ 
ing  from  O-atoms  now  appears  to  be  due  mostly  to  scattering  from  N^  and 
N  with  O  giving  a  negligible  contribution. 

V.  Emissivity  Tables  for  Air 

Extensive  tables  of  the  emissivity  of  high  temperature  air  based  on  the 

measurements  reviewed  above  have  been  prepared  by  Meyerott,  Kivel  and 

Bailey,  Meyerott,  Sakoloff  and  Nicholls,  Breen  and  Nardone, 

(45) 

and  Breen,  Nardone,  Riethof,  and  Zeldin.  '  Unfortunately  space  has  not 
permitted  us  to  review  all  of  these  tables  in  detail  but,  in  general,  the  pre¬ 
dicted  values  of  the  total  air  radiation  in  the  interval  from  4000  to  9000°K 

/  Q  \  /O  £  \ 

agree  with  the  shock  tube  measurements  of  KCKW  and  WTT  '  to  within 
a  factor  of  two  or  three.  None  of  them  can  be  regarded  as  completely  satis¬ 
factory,  however,  and  it  would  appear  that  significant  improvements  could 
and  should  be  made.  In  this  connection,  we  should  like  to  call  attention  to 
a  number  of  errors  which  have  been  found  in  the  work  of  Breen  and  Nardone 
and  co-workers.  In  so  doing,  we  do  not  wish  to  create  the  impression  that 
their  work  necessarily  gives  a  less  accurate  representation  of  the  air  radiation 
than  other  work,  but,  since  it  is  the  most  recent  and  ambitious,  we  feel  that 
prospective  users  of  their  tables  should  be  aware  of  the  potential  difficulties: 

(1)  In  treating  the  (SR)  bands,  BN  have  used  a  formula  R  (r)  =  const  (0.  897 

r  ^  +  2.  416  r  -1)  obtained  by  Nicholls  from  an  analysis  of  the  data  of 
Ditchburn  and  Heddle.  Since  Ditchburn  and  Heddle's  work  is  now  found  to  be 
in  serious  error,  we  cannot  accept  Nicholls1  analysis  either.  In  addition, 
there  appears  to  be  an  error  in  the  equation  given  by  Nicholls  in  that  it  does 
not  agree  with  the  curve  drawn  through  the  experimental  points  in  Fig.  4  of 
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his  paper.  (2)  In  treating  the  NO  (y)  bands,  BN  have  used  the  equation 

/  -I  /  \ 

R  (r)  =  const  (I  -  .  899  r  )  given  by  Robinson  and  Nicholls  as  represent- 

ting  the  variation  of  R  ( r  )  in  the  interval  1.  01  <  r  <  1.  06  .  As  can  be 

seen  in  Fig.  3  of  this  paper,  this  is  not  at  all  satisfactory  outside  this 

interval  and,  in  fact,  has  a  zero  at  r  =  1 .  1 1  J?  which  would  imply  nearly 

zero  intensity  for  the  (0,  0)  band.  (3)  In  treating  the  NO  ((3)  bands,  BN 

(29) 

have  based  their  f-number  on  an  analysis  of  Bethke's  '  7  absorption  meas- 

(9) 

urements  using  q  ,  ,,  values  computed  by  KMB.  '  As  can  be  seen  in  Fig.  1 
of  this  paper,  there  is  considerable  uncertainty  in  these  q  ,  ,,  values  and 

it  is  doubtful  if  they  can  be  relied  on  even  to  a  factor  of  three.  (4)  In  treat - 

+  —  —  2 
ing  the  N„  (1-)  bands,  BN  have  used  the  equation  R  (r  )  =  const  (.  697  r 

—  L  (33) 

1. 62  r  -  1)  given  by  Wallace  and  Nicholls'  7  which,  as  previously  noted, 

contains  an  error  in  the  relative  sign  of  the  last  term  with  respect  to  the 

first  two  terms.  (5)  In  treating  the  N_  (2+)  system,  BN  have  used  the  equa- 
_  _  2  _  ^ 

tion  R  (r  )  =  const  (1.  .102  r  -  .  232  r  +  1)  in  which  a  decimal  point  has  ap¬ 
parently  been  misplaced  in  the  second  term.  The  equation  as  given  by 
Wallace  and  Nicholls  is  R  (7)  =  const  (1.  102  r  ^  -  2.  32  r  +  1), 

It  is  not  clear  which  of  the  above  errors  occur  only  in  the  manuscript 
and  which  have  found  their  way  into  the  calculations,  but  the  above  points 
should  be  checked  before  using  the  results. 

VI .  Summary 

Electronic  transition  moments  for  the  molecular  bands  which  deter¬ 
mine  the  emissivity  of  air  in  the  temperature  range  4000  to  9000°K  have  been 
determined  from  the  available  experimental  data  used  in  conjunction  with 
recently  computed  Frank-Condon  factors.  The  experimental  results  are 
shown  in  Figs.  2  through  7.  Empirical  curves  which  give  a  reasonable  fit 
to  the  data  are  given  by  Eqs.  (21)  through  (27).  For  (SR)  and  NO  (y)  the 
agreement  between  various  determinations  is  good  and  the  results  are  felt 
to  be  reasonably  accurate  over  the  specified  range.  For  NO  ((3),  N.,^  (1-) 
and  N^  (2+),  there  is  insufficient  data  to  permit  reliable  cross  checks,  but 

there  are  no  significant  discrepancies  in  the  data  which  are  available.  For 

2 

N2  (1+)  the  only  absolute  measurements  from  which  values  of  (R/eaQ)  can 
be  determined  come  from  shock  tube  experiments,  and  the  situation  is  quite 
uncertain  because  measurements  made  in  air  show  significantly  more 
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radiation  than  those  made  in  pure  N„.  The  suggestion  by  Wurster,  Treanor, 
and  Thompson'  '  that  the  additional  radiation  in  air  may  come  from  NO  bands 
has  been  critically  examined,  and  found  open  to  question.  As  a  practical  ex- 
pedient,  we  have,  therefore,  given  two  expressions  for  the  (R/eaQ)  value  of 
the  (1+)  bands- -one  for  shock-heated  N^  and  the  other  for  shock-heated  air, 
The  Kramers'  radiation  from  electrons  scattered  and  captured  by  neu¬ 
trals  in  air  and  N_  has  also  been  examined  and  analyzed  to  give  the  following 
2  ^ 

"effective"  Z  values: 


2 

N2 

=  (2. 2  +  . 3)  x  10'2 

2 

N 

=  (0.9  +  . 3) x  10"2 

(28) 

2 

O 

=  (0. 2  +  . 3)  x  10'2 

No  significant  contributions  due  to  or  NO  are  expected  due  to  the 
relatively  low  concentration  of  these  species  under  conditions  of  appreciable 
electron  concentration  in  high  temperature  air. 

2 

In  concluding,  we  should  like  to  emphasize  that  in  using  the  (R/ eaQ) 

values  given  in  this  report  to  calculate  the  molecular  radiation  from  air  or 

its  component  gases,  one  must  use  the  Frank-Condon  factors  specified  and 

2 

attempt  only  limited  extrapolations.  Similarly,  effective  Z  values  for 
Kramers'  radiation  are  measured  at  selected  wavelengths  and  extrapolations 
to  other  wavelengths  can  be  in  error  if  they  do  not  rest  on  a  firmer  theoreti¬ 
cal  basis  than  the  Kramers'  expression.  Neither  the  theory  nor  the  experi¬ 
ments  are  as  yet  sufficiently  good  to  be  greatly  relied  upon  for  extrapolation, 
and  further  work  particularly  on  the  N^  (1+)  bands,  the  Kramers'  radiation 
from  neutrals,  and  the  variation  of  electronic  transition  moments  with  inter- 
nuclear  separation  is  much  to  be  desired. 

Acknowledgement 

The  authors  would  like  to  express  their  appreciation  to  Charles 
Treanor  and  Walter  Wurster  for  valuable  discussions  and  correspondence 
relating  to  the  material  presented  in  this  paper  and  particularly  for  supply¬ 
ing  a  plot  of  their  original  data  which  helped  greatly  in  the  analysis.  The 
first  author  would  also  like  to  thank  R.  W.  Nicholls  for  correspondence  re¬ 
lated  to  his  work  on  electronic  transition  moments  and  r-centroids. 


-19- 


FRANK- CONDON  FACTORS 


V' 

Fig.  1  Comparison  of  Frank-Condon  factors  q  ,  ,,  for  the  NO(P)  bands  im¬ 
portant  in  room  temperature  absorption  experiments  computed  by 

(9)  (13) 

KMB  for  a  modified  harmonic  oscillator  potential,  Nicholls 

1 14) 

for  a  Morse  potential  and  FSFK'  '  for  a  potential  determined  from 
spectroscoptic  data  by  the  Rydberg-Klein-Rees  method. 
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Fig.  5  Wavelength,  X,  frequency,  v” ,  and  electronic  transition  probability, 

(R/ea  )  ,  as  a  function  of  the  r-centroid,  r,  for  the  first  negative 

0  + 
bands  of  ^  . 
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(R/ea0r  X  (fi) 


Fig.  6  Wavelength,  X,  frequency,  v  ,  and  electronic  transition  probability, 

2  _ 

(R/ eaQ)  ,  as  a  function  of  the  r-centroid,  r,  for  the  second  positive 

bands  of  N^. 


-25- 


9768 


V  (/t1) 


Wavelength,  A,  f  requency,  v  ,  and  electronic  transition  probability, 
(R/eao)  ,  as  a  function  of  the  r-centroid,  r,  for  the  first  positive 
bands  of  N„. 


SPECTRAL  INTENSITY  ( W/CM3- STER-^t  ) 


WAVELENGTH  (/A) 


Fig.  8  Comparison  of  infrared  spectra  obtained  by  WPHK,  WTT, 

and  KCKW^  for  air  heated  by  reflected  shock  waves,  by 

(32) 

for  heated  by  reflected  shock  waves  and  by  ACK'  and 
Allen  (A)  for  heated  by  incident  shock  waves. 
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Dimensionless  intensity  of  the  infrared  radiation  from  shock 

heated  at  3.  07  microns  wavelength  over  the  temperature 

range  of  6000-9000°K  as  a  function  of  the  [N]  to  [N.J  ratio 

showing  fit  of  theoretical  Kramers'  formula  to  the  experimental 

2 

data.  The  intercept  of  the  formula  gives  Z..  while  the  slope 

2  • 

yields  ZN. 
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